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Abstract Solid freeform fabrication of engineering mate-
rials is now possible using the Direct Metal Deposition
(DMD) technique. Closed loop optical feedback system
for DMD makes realistic components with dimensional
accuracy of 0.01 inch. On the other hand, close control of
the process parameter can provide microstructure of
choice. Such continued capability to control macro and
microstructure is creating considerable interest. H13 tool
steel is one of the difficult alloys for deposition due to re-
sidual stress accumulation from martensitic transforma-
tion. However, it is the material of choice for the die and
tool industry. DMD offers Copper chill blocks and water
cooling channels as the integral part of the tool. On the
other hand ZrO2 was co-deposited with nickel superalloys
using DMD. This process thus is amenable to produce
both macro and microstructure to a designed specification.
This paper briefly reviews the state of the art of DMD and
describes the microstructure and mechanical properties of
selected engineering alloy systems deposited by DMD.
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Introduction
One of the most recognized problems in the U.S. is the
time it takes to get technology and hence products to the
market. In manufacturing the limiting time for many
products is the design and fabrication of molds and dies
of all types. It is not unusual for large complicated dies
to take from weeks to months to almost a year before
they are ready to manufacture product. Stereolithography
has been a help in design process to visualize a compo-
nent produced directly from CAD data base by curing
polymers with lasers. Most manufacturers are looking
for a device that can make a product directly from a
CAD drawing with a designed macro and microstructure.
Repair procedures are also needed for metals that do not
change the material properties and result in reduced life
for the product.
The preliminary work on Direct Metal Deposition of
Aluminum has been demonstrated to provide metal prop-
erties equivalent to a wrought process thus making it po-
tentially useful for the direct fabrication of parts and dies
[1]. Almost all other known processes that are develop-
ing metal result in a sintered product due to trapping of
oxides and the inability to totally bond. As a result they
need to try to fill the metal matrix and do not provide the
strong properties demonstrated by DMD. If there is a to-
tal bonding and no oxides or sintered properties the met-
al property has generally been significantly affected as is
the case in a welded type structure which is built up by
repeated passes. In these cases significant heat treatment
is needed to make the part useful and relieve the stresses.
Laser aided DMD limits these problems since it creates a
very small heat affected zone. DMD can be used on al-
most any surface and can mix metals to create a variety
of properties including graded structure. Only other pro-
cess exhibiting similar potential is droplet based manu-
facturing [2, 3, 4, 5, 6]. However, DMD has wider range
of deposition capability.
The DMD process should have no effect on environ-
mental concerns since the process is an additive one and
not one that creates waste products. It is carried out in an
inert atmosphere with powdered metal being dropped on
the point and melted at that spot. Health and safety con-
cerns only appear to be the result of laser operations and
there are procedures for these conditions available.
A recent survey made by National Center for Manu-
facturing Science (NCMS) revealed that DMD can re-
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duce the time for die production by 40% [7]. The DMD
process allows for either the direct production of a part
or short time low cost delivery of molds or dies. When
perfected the process will greatly reduce their costs and
time to getting a prototype or product ready for use. This
is an example of a situation that would benefit a wide va-
riety of products for both defense and commercial sec-
tors. The ability to make low volume high quality parts
directly from CAD is applicable to most of the DOD
manufacturers. The Navy has also expressed interest in
this process as it would allow an aircraft carrier to go out
with barrels of metal and CAD drawings to make parts
as they are needed and not carry a large inventory of
spare parts. The automotive and electronics industry sees
the application for rapid fabrication of dies. Direct metal
freeform fabrication has the ability to create full func-
tional parts from metal powder. Table 1 summarizes the
current technologies in direct metal part fabrication.
The potential for the DMD process is currently limit-
less. Many groups are actively pursuing it for commer-
cial possibilities. The direct fabrication of molds and
dies and the repair of these parts is the most obvious ap-
plication. However, fabrication of low volume parts has
not been fully analyzed and may be the biggest potential
for this process. Surgical instruments have been explored
and the potential savings are in the hundreds of millions
of dollars. For surgical tools, DMD can reduce 62 steps
into 7 steps [7]. The use of the process in the aerospace
business is another huge area for applications.
The scientific challenge is to control the dimension
and properties. Close control of dimension will result in
substantial savings in post process machining cost for
surface finish. Substantial cost reduction is possible, if
desired properties can be achieved through process con-
trol and minimize post process heat treatment. Control of
the melt pool size and solidification time can offer both
desired dimension by limiting the melt pool volume and
desired properties through microstructure manipulation
by controlling the cooling rate. This will require quanti-
tative understanding of the relationship between inde-
pendent process parameters (Laser power speed, powder
deposition rate etc.), dimension, cooling rate. micro-
structure and properties by developing fundamental un-
derstanding of the associated transport phenomena.
Strategies for on-line process control will also be re-
quired to achieve the desired melt pool volume and cool-
ing rate.
Experimental
In this DMD technique laser generates a melt pool on a substrate
material while a second material is delivered into the melt pool ei-
ther as powder or as wirefeed which melts and forms metallurgical
bond with the substrate (see Fig. 1). Turbine disc of circular ge-
ometry was produced by Brienan and Kear [23] via layer by layer
laser cladding around 1978. Present computer controlled 5-axis
workstations integrated with lasers enable us to fabricate various
geometry. Either CO2 or Nd-YAG lasers can be used as the laser
source. The system at University of Michigan includes a 6 kw RF
excited CO2 Laser integrated with a 5-axes work station controlled
by a Allan Bradley 8400 controller. The laser has the capability to
Table 1 Direct metal freeform fabrication processes
Process Deposition Accuracy: Layer Deposition Materials References
Type Horizontal Thickness Rate
SLS Laser Sintering High N/A N/A steel, Co brazing 8–9
SDM Droplet based, N/A Variable 30 g/min Stainless Steel, 10–11
& Cladding Machined INVARTM
finish
Welding Welding 0.2 to up to N/A High Steels; Numerous 12–14
0.5 mm 50 mm
Droplet Droplet Based N/A N/A 25 to 150 Bi-Sn 2–6,15
Based FF micron dia. droplets
LENS Cladding 0.02 mm 0.13 to N/A Low SS,Alloys, Numerous 16–18
Z: 0.4 mm 0.38 mm
DLF Cladding 0.075 to 0.075 to 1 to 2 g/min SS, P20, Numerous 19, 20
0.125 mm 0.125 mm




operate between 0–6 kw and the work station has a traverse speed
range of 0–400 ipm (0–169.3 mm/sec). It has a work envelop of
1 m×0.5 m×0.5 m and carry up to half a ton.
Powder can be delivered either from the side with an indepen-
dent nozzle or with a concentric nozzle where beam and powder
come through the same nozzle. The concentric nozzle designed
based on a patent [24] (U.S.Patent # 4724255) and offers equal de-
position rates in any direction. Inert gas flown through the nozzle
helps both in powder delivery and shielding the deposit from oxi-
dation. Shielding strategy is a delicate balance between powder
delivery without causing excessive disturbance at the melt pool,
but adequate to drive away the ambient air. Side injection nozzle
can build up volume rapidly whereas, the concentric nozzle can
provide better resolution. In an ideal system rotating head with
both nozzles should be available.
Control of the deposit thickness or height is a critical issue
since it impacts on the quality of the product. Visualization and
measurement of the surface deformation of the melt pool is possi-
ble by Reflective Topography technique developed at the Univer-
sity of Illinois [25]. In order to control the deposit dimension, a
feed-back loop to control the process parameters was designed and
executed [26]. Another technique for on-line monitoring of height
and composition of the deposit is also developed but presently
working in open loop only [27].
The basic function of the height controller is to limit the maxi-
mum height of metal deposition. Following is a simple example of
the controller function. Shown in Fig. 2 are two samples produced
by laser cladding, each of which have a deposition path of two
overlapping circles. After multiple cladding layers are placed one
at a time on top of the previous layers, a pair of overlapping cylin-
ders is fabricated. The sample on the right is produced without any
height control and it can be seen that there is excess cladding
build-up where the circles overlapped. The overall height at this
location is approximately twice that of the cylinders height be-
cause the laser cladding passes this point twice per layer, laying
down the same amount of material during each pass. In the other
areas besides the overlap, it can be seen that the overall height is
uneven. The sample on the left in Fig. 2 was fabricated using the
height controller. The height controller has the ability to sense the
cladding layer is building up higher in the overlapping region, and
it shuts off the laser until it is past the area of excess build-up. In
this case, the layer thickness was set at 0.1778 mm, and 100 layers
were subsequently built up from the substrate. As a result, the
overall height was held to 17.78 mm with a variation of less than
0.075 mm. For this reason, the height controller is a necessity in
order to fabricate accurate macroscopic shapes.
One can either use one sensor or multiple sensors for close-
loop feed-back control of the deposit height. Multiple sensors will
overcome any problem related to the field of view with respect to
the cladding direction for a single sensor. Figure 3 shows a top
view of the ideal layout of the three sensors, which are equally
spaced 120 degrees apart. For the actual layout of the sensors for
this study, the second sensor was only 90 degrees from the first
sensor. This uneven spacing did not cause any problems since the
sensors are effective up to 180 degrees. Since two more sensors
were added to the system, the signal processor also had to be mod-
ified. In order to input one signal into the processor, the three sen-
sor signals were combined through several logic gates before they
were sent to the processor. The new flow diagram for the height
controller is shown in Fig. 4.
Process parameter matrix
There are two major areas of the direct metal deposition process-
ing that were investigated. The first area that was studied was the
laser processing parameters and how they affected the multiple
characteristics of the fabricated samples. The other area that was
studied was the effect of multiple height control sensors on the
characteristics of the final parts. Also, effects of some controller
parameters on material processing were investigated. A statistical-
ly designed experimental matrix was used for this study. Below is
a table that summarizes the independent process parameters that
were considered (Table 2).
In all of the experiments that were carried out, the melt pool
diameter was used at a size of 0.7 mm or slightly larger from de-
focusing. The powder flow assist gas and the shielding gas to be
used in all cases are Nitrogen and Helium, respectively. These are
gases that have been shown to be effective for this process from
previous research of direct metal deposition in the CLAIM labora-
tory of University of Michigan. The height controller was used in
the building of specimens in order to prevent any uneven build-up
of specimens. This controller altered the effective power of the la-
ser for all samples, so the duty cycle needs to be taken into ac-
count during specimen analysis. The duty cycle was typically held
at 70%, with a variation of 20%, depending on how well the inde-
Fig. 2 Example of fabrication with height controller. Left:
w/height controller, Right: no height controller
Fig. 3 Multiple sensor layout. Top view
Fig. 4 Height controller with multiple sensor inputs
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pendent parameters were matched with the specified layer thick-
ness. This duty cycle is essentially the average time that the laser
is on with respect to total processing time. The percent clad width
overlap remained at the previously used value of 27%, except
during the testing of percent pass overlap. The component that
was built in each experiment was approximately 7.6 mm wide,
15.25 mm long, and 5.1 mm tall. The build pattern used for these
specimens is shown in Fig. 5.
Effect of multiple sensors
In order to identify any improvements due to adding multiple sen-
sors to the height controller, several build patterns were tested for
each a single sensor and multiple sensor height controller. The
build patterns used are shown in Fig. 6. These build patterns were
chosen because they are the basics of all of build conditions that
the direct metal deposition process may be exposed to. Any other
cladding pattern, such as a circle or a triangle, is a combination of
these primary build patterns.
The parameters used for this testing were found to produce
good cladding from the fabrication above, and are as follows: 700
watts laser power, 5.6 grams/minute powder flow rate, 17 mm/s
traverse speed, and 27 percent pass width overlap. These parame-
ters were held constant throughout this testing, except for one set
of tests in which the percent overlap was increased to 74 percent.
In this last case, both A and E build patterns were used.
Specimen analysis
The following types of analysis were used in comparing the speci-
mens resulting from the different studies:
• Microhardness testing for selected samples
• Microstructure and porosity evaluation for all samples
• Surface roughness for selected samples
• Deposit thickness for selected samples
• Percent powder utilization for selected samples
The equipment that was used in the analysis of the fabricated sam-
ples is described below.
Mechanical testing
All microhardness testing was completed using a Buehler Vickers
microhardness test machine. In order to find the best test parame-
ters, several different loads and load times were tested and hard-
ness variation was found to be minimal. Also, similar etched and
non-etched areas were tested and there was no variation in the mi-
crohardness results. All testing was done on polished and etched
surfaces using a 300 gram load for 10 seconds.
Macrohardness testing was carried out on a Wilson Hardness
test machine. A Roc kwell C indenter was used along with the re-
quired 150 kg load. The calibration of the machine was verified
using a certified calibration block.
Microstructure and density analysis
All samples were etched 30 to 60 seconds using a four percent so-
lution of Nitric acid. Microstructure images were captured using a
Table 2 Independent process-
ing parameters Independent Parameter Low Medium High
Laser Power (watts) 700 950 1200
Powder Flow (grams/min) 4.0 6.0 8.0
Traverse Speed (mm/s) 8.5 17 25.4
Assist Gas (liters/min) 2.36 (5 SCFH) 4.72 (10 SCFH) 7.08 (15 SCFH)
Shielding Gas (liters/min) 4.72 (10 SCFH) 7.08 (15 SCFH) 9.44 (20 SCFH)
Pass Overlap (% width) 14.5, 23 31.5, 40, 48.5 57, 67
Number of Sensors 1 – 3
Controller Reset Time (ms) 5, 10 20, 33 66, 100
Fig. 5 Build pattern of samples
Fig. 6 Build patterns used to
test height controller capabili-
ties
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Nikon optical microscope and Scion Image version 1.59 software.
This same software was used to analyze a cross-sectional image of
the polished specimen to determine the amount of porosity. This
percent of porosity is assumed to be similar to that of the overall
specimen, therefore estimating the percent full theoretical density.
Roughness measurement
To measure the surface roughness, the following equipment was
used: a Taylor Hobson Form Talysurf inductive profilometer with
a 2.5 micron radius diamond stylus. Two types of roughness mea-
surements were used in the surface analysis; profile roughness av-
erage (PRa) and maximum profile roughness height (PRt). The
maximum profile roughness height (PRt) is the distance between
the lowest and highest points on a surface.
Powder properties
The AISI H13 tool steel powder used in the fabrication of samples
was induction melted and nitrogen atomized. The powder was –70
mesh size and had the following composition:




There is a large range of layer thicknesses as well as de-
position rates for laser cladding, but the range seen here
is on the smaller end due to the fact that this is “fine”
cladding. Some of the thicker layers and deposition rates
in this study approached those of typical cladding. Both
the layer thickness and the volume deposition rates were
affected predominately by the specific energy and pow-
der mass flow rate. Specific energy is defined as follows:
Note: For comparison purposes, the adjusted specific ener-
gy will be used instead of just specific energy because the
height control system was used during the processing of
the samples. This height feed-back controller controlled
the duty cycle of the laser beam, making the actual power
the same or less than the original set laser power. The ad-
justed specific energy is calculated the same as specific en-
ergy, but the average power output is used as opposed to
the full power output. For example, if the base laser power
is set at 1000 watts, but the laser is turned on only 70% of
the time (70% duty cycle) then the average power would
be taken as 700 watts. As shown in Fig. 7 there is a posi-
tive linear relationship between the layer thickness and
specific energy for each powder mass flow rate. The result-
ing layer thicknesses ranged from 0.08 mm per layer to
1.37 mm per layer. In the percent width overlap study, the
layer thicknesses ranged from 0.15 mm to 0.37 mm for
13% to 67% pass width overlap, respectively. The layer
thickness increased more initially, as percent overlap in-
creases from 10 to 20 percent. When the percent overlap
passed 40%, the amount of layer increase per percent over-
lap increase started to level off. This is shown in Fig. 8.
Figure 9 shows a plot of energy per unit mass deposit-
ed and the associated densities. It can be clearly seen that
Table 3 H13 composition by
weight percent C Si Mn Cr Mo V P S O N Fe
0.40 0.93 0.35 5.31 0.30 1.07 0.016 0.005 0.006 0.048 balance
Fig. 7 Influence of adjusted specific energy and powder flow rate
on layer thickness
Fig. 8 Influence of% pass width overlap on layer thickness
Fig. 9 Influence of adjusted energy/mass on material density
S E
Laser Power
Meam Diameter Velocity. . = ×
123
when the energy per unit mass deposited drops below 40
kilojoules per gram, the density drops below 96 percent
full theoretical density. Another reason for the porosity is
that as the layers get thicker, the power density of the la-
ser beam gets lower toward the bottom of the clad bead
due to the laser beam becoming more defocused. In or-
der to show this, the melt pool diameter was measured at
several different distances from the point of laser focus.
This was accomplished by burning a steel plate with the
laser beam at the different distances from focus so that
the melt pool diameters could be measured. If the power
density at the typical processing region (0.76 mm from
focus) is taken as 100%, then the power density towards
the bottom of the cladding for the thicker layers (1.5 to
2.2 mm from focus) the power density drops to approxi-
mately 90%. Because of this lower power density the la-
ser can not fully melt the powder that is deposited at that
level, and it does not have enough power to melt into the
substrate material, which is necessary to cause a good
bond. This would also cause the energy per mass ratio to
be lower, as observed above.
To prevent porosity, the layer thickness should be
less than 0.7 mm, and the energy per mass caught ratio
should be measured to ensure that porosity is not occur-
ring. Another solution is to reduce the powder flow
rate, therefore reducing the amount of potential powder
to be caught by the melt pool. The percent overlap has
a significant effect on the deposition rate. Figure 10
shows that around 40% overlap, the volume deposition
rate reaches its maximum value of approximately
104 mm3/s. Above and below 40 percent overlap, the
volume deposition rate gets smaller due to the percent
overlap and layer thickness reaching their best combi-
nation at 40 percent overlap. This is a very important
factor, because optimizing the percent overlap can pos-
sibly reduce processing time up to 10–15 percent. An-
other parameter that should be optimized is powder ef-
ficiency.
Influence of gas flow rates
The assist and shielding gas flow rates did have a signifi-
cant effect on the clad quality when they were turned
down around 2.36 and 4.72 liters/min (5 to 10 SCFH),
respectively. Once the gas flow rates were in this range,
excess powder from previous cladding passes was not
blown out of the way of the laser, and therefore the laser
would just melt the surface of the excess powder, mak-
ing a shell-like structure. This resulted in the clad being
mostly loose powder and prevented normal cladding
from taking place.
To prevent any unusual cladding build-up as previ-
ously mentioned, the absolute minimum gas flow rates
that should be used are 4.72 and 7.08 liters/min. (10 and
15 SCFH) for the assist and shielding gases, respectively.
It is also important for the assist gas flow rate to be low-
er than the shielding gas flow rate. A higher shielding
gas flow rate seemed to help to remove excess powder
from the surface where deposition was taking place.
Keeping this flow rate higher will prevent any back flow
of particles into the nozzle, which is important for keep-
ing the laser optics and the powder delivery nozzle
clean.
The direct metal deposition process has a unique ef-
fect on the physical properties of the metal being pro-
cessed. This ranged from microstructure variation within
the same material as well as mechanical properties’ vari-
ation. Hardness, roughness, porosity, as well as strength
and ductility were affected by changing parameters.
Microstructure analysis
The microstructure over the range of parameters used
ranged from columnar grains to equiaxed grains, most of
these grains containing martensite. The primary and sec-
Fig. 10 Effect of percent pass overlap on material deposition rate
Fig. 11 Cladding cross-section
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ondary dendrite arms spacing, and hence cooling rate,
were also affected by the changing parameters.
Inherent to the process, a part made by the direct met-
al deposition process is composed of multiple cladding
passes. A picture of a central single cladding pass is
shown in Fig. 11. The parameters for this specimen are
as follows: 700 watts laser power, 6.0 grams/min powder
flow, 17 mm/sec and 0.254 mm layer thickness. As is
pointed out in Fig. 11, each cladding pass is composed of
typically three different regions. These are the interface,
the columnar grain, and the equiaxed grain regions. The
interface region, Fig. 11, is where the laser remelts
and/or reheats the substrate material and begins to add
the new cladding material. This will result in heat treat-
ing the existing grains, allowing the grains time to grow
slightly larger. Above the interface, the grains are more
columnar, as a result of directional cooling, and are
aligned with the largest temperature gradient during
cooling. Because the heat is flowing out of the clad to-
wards the substrate material, the grains, or primary den-
drites, are very long, slender and perpendicular to the in-
terface. When the temperature gradient is similar in sev-
eral directions, the grains can grow in several different
directions at once, each growth direction representing a
similar temperature gradient. This is called the equiaxed
region and is shown towards the top of Fig. 12. It was
also found that this microstructure stays consistent
throughout a single sample.
Effects of process parameters
There is a definite change in microstructure as the di-
rect metal deposition processing parameters are
changed. Two extreme cases of the range of microstruc-
ture that were observed are shown in Figs. 13 and 14.
The first specimen had a power of 1200 watts, a tra-
verse speed of 8.5 mm/s, a powder flow rate of
8.0 grams/min, a layer thickness of 1.37 mm, and a
27% pass width overlap. In the first case, the grains are
large and mostly equiaxed, approximately 10 to 16 mi-
crons across. These large dendrites are due to a high
specific energy as well as a high material deposition
rate of 290 mm3/s. With a high specific energy as well
as a larger amount of molten material being added, the
solidifying material is held at a higher temperature for a
longer amount of time and therefore the local tempera-
ture gradients are smaller. This allows the grains to
time grow, and in no specific direction. On the other
hand, the microstructure shown in Fig. 14, is much fin-
er, having a small interface region and a predominant
columnar region. This specimen had a processing pow-
er of 1200 watts, a traverse speed of 50.8 mm/s, a pow-
der mass flow of 4.8 grams/min, a layer thickness of
0.254 mm, and a pass width overlap of 66%. The fine
microstructure in this specimen is due to a lower spe-
cific energy as well as a smaller material addition rate.
The speed of the cladding in this case is six times faster
that of the previous case, therefore there is not time for
the laser to have any type of annealing effect on the
material. The amount of molten metal is thinner and
therefore the local temperature gradient is going to be
higher throughout the whole cladding pass. This is why
Fig. 12 Close-up of interface, columnar and equiaxed dendrite re-
gions
Fig. 13 Large dendrite microstructure; power =1200 W, velocity
= 8.5 mm/s, powder = 8.0 grams/min, layer thickness = 1.37 mm,
pass overlap = 27%
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the majority of the clad consists of columnar grains.
The microstructure changed similarly within the power,
velocity and powder mass flow rate design of experi-
ments matrix.
The major factors in determining the microstructure
are specific energy as well as layer thickness. These pa-
rameters are dependent on each other as described
above. As the specific energy is lowered, the layer
thickness is less because there is less energy per unit ar-
ea to melt powder. For the highest specific energy used,
which is 200 J/mm2, the layer thickness varied between
0.64 mm to 1.37 mm (samples C16 and E1, respective-
ly), depending on the powder feedrate used. The micro-
structure for the sample with the 0.64 mm layers, Sam-
ple C16, had much more defined regions of microstruc-
ture where the average primary dendrites were around 8
microns wide. A picture of this microstructure near the
interface region is provided in Fig. 15. This sample had
an interface layer about 50 microns thick and a colum-
nar region which was about 120 microns thick, while
the rest of the layer was composed of equiaxed grains.
The part with the 1.37 mm layers, Sample E1, had a
small interface region, 40 microns thick, a small colum-
nar region, approximately 70 microns thick and the rest
of the layer was composed of equiaxed grains. The col-
umnar region is shown in Fig. 16. The average grain
width was between 12 to 20 microns, which about 2
times larger that of the part with the 0.64 mm layer
thickness. In another case, the layer thickness was held
constant at 0.25 mm and the specific energy was
changed from 59 J/mm2 to 39 J/mm2. The change in
specific energy was due to the velocity being increased
from 17 to 25 mm/s, corresponding to samples D2 and
E11, respectively. In this case, the structure in E11 has
primary dendrite widths of 2–4 microns, while sample
D2 has primary dendrite widths of 4 to 10 microns. This
microstructure is shown in Figs. 17 and 18. In the equi-
axed regions for both samples it was difficult to get a
clear measurement of the primary dendrite size, but the
structure in E11 was approximately half the size of that
in D2. In summary, the primary dendrite widths become
larger with an increase in either layer thickness or spe-
cific energy. Several other parameter changes were
made in order to see if they had a significant effect on
Fig. 14 Fine dendrite microstructure; power =1200 W, velocity =
50.8 mm/s, powder = 4.8 grams/min, layer thickness = 0.254 mm,
pass width overlap = 66%
Fig. 15 Sample C16. 200 J/mm2 specific energy, 0.64 mm layer
thickness
Fig. 16 Sample E1. 200 J/mm2 specific energy, 1.37 mm layer
thickness
Fig. 17 Sample D2. 59 J/mm2 specific energy, 0.25 mm layer
thickness
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microstructure. These are process gas flow rate and
cladding pass overlap. Microstructure was found not to
be affected by the changing of either the Helium shield-
ing gas flow rate or the Nitrogen powder assist gas flow
rate. In the case of changing the amount that each clad-
ding pass overlapped, there were some small effects on
microstructure.
Secondary dendrite arm spacing (SDAS)
Another microstructure characteristic that was affected
by the layer thickness and specific energy was the sec-
ondary dendrite arm spacing, which is representative of
the cooling rate of the deposited metal. In each cladding
pass, the secondary dendrite spacing changed somewhat
depending on which microstructure region it was locat-
ed. In the interface region, the secondary dendrite arm
spacing was found to be 5 to 10 times larger than that in
the columnar and equiaxed dendrite regions. In some
cases, secondary dendrites could not be found in the in-
terface region. The columnar and equiaxed dendrite re-
gions have similar secondary dendrite arm spacing, but
some variation, sometimes up to 40%, was not unusual.
According to Kurz and Fisher [28], secondary dendrite
spacing can be used to estimate the cooling rate by the
following equations:
where tf can be found from
λ2 = 5.5(Mtf)1/3
with
where Cml is often equal to Ce.
∆T’ dendrite tip to root temperature difference, and in
this case is approximated by ∆T0
∆T0 Liquidus-solidus temperature range at C0 (K)
tf Time of solidification (s)
λ2 Secondary dendrite arm spacing (SDAS) (m)
Γ Gibbs-Thomson coefficient (Km)
D Diffusion coefficient in liquid (m2/s)
Cml maximum liquidus concentration value (wt%)
Ce eutectic composition (wt%)
C0 initial alloy concentration (wt%)
m liquidus slope (K/wt%)
k distribution coefficient
Using typical property values for 0.35 wt% C steel, the
above equations can be consolidated into a single equa-
tion as follows:
λ2 was determined by taking an average of the second-
ary dendrite arm spacing from a cladding pass in the
center of the specimens. Using the previously defined
equation, the cooling rates were found to be on the or-
der of 105 K/s. These cooling rates are extremely high
in comparison to cooling rates obtained by traditional
methods, but this is typical in laser material processing.
This cooling rate can be changed by two factors,
which are layer thickness and specific energy. From Fig.
19, which is a plot of layer thickness vs. cooling rate for
the measurements taken from samples in the power, ve-
locity, and powder mass flow rate test matrix, it is obvi-
ous that the cooling rate increases as the layer thickness
decreases. In one example, doubling the layer thickness
from 0.3 mm decreased the cooling rate by one-half of
the original. In Fig. 20, it is shown that the cooling rate
can be increased as the specific energy is decreased.
From the linear fit of points, it can be seen that as the ad-
justed specific energy is changed from 100 to 50 J/mm2,
the cooling increases by approximately 2.5 times its
original to 2.5×105 K/s. It may seem that the cooling rate
is determined only by the specific energy since layer
Fig. 18 Sample E11. 39 J/mm2 specific energy, 0.25 mm layer
thickness
Fig. 19 Influence of layer thickness on cooling rate























thickness increases as the specific energy increases, but
this is not the case.
The cooling rate is determined by the combination
of effects from both parameters. To show this, one ex-
ample of each case will be given. In the first case, the
layer thickness was held constant at 0.25 mm, while the
specific energy was changed from 59 to 39 J/mm2 (sam-
ples D2, E11 respectively). This decrease in specific
energy resulted in a cooling rate increase of about 40%
from the original. In the other case, specific energy was
held at 39 J/mm2 while the layer thickness was changed
from 0.25 mm to 0.08 mm (samples E11 and C22, re-
spectively), and the cooling rate increased by about
15%. It should be noted that the dendrite arm spacing
values used for these comparisons are average values
for a single cladding pass. Due to the variation in den-
drite arm spacing within each clad, similar dendrite arm
spacing, and hence cooling rates, have been found be-
tween the different cases. So from these two cases, it is
shown that the average cooling rate was affected by
the process specific energy as well as the layer thick-
ness.
The cooling rate was also affected by percent overlap
between cladding passes. As the overlap increased from
27 to 74 percent, the cooling rate increased by approxi-
mately 20%. This sounds like it contradicts what was
said in the last section, because as the percent overlap in-
creases the layer thickness increases. This increased lay-
er thickness should have an inverse effect on the cooling
rate. But if the deposition geometry of the cladding pass,
is closely examined, it can be seen that even though the
overall height is increased, the clad width decreases,
making the cladding pass longer and more slender than a
cladding pass with low overlap. Since the overall deposi-
tion geometry gets thinner as the percent overlap in-
creases, the cooling rate also increases. This is consistent
with the previous conclusions.
The gas flow rate study showed that there were no
significant effects on cooling rate from changing the gas
flow rates. Overall, the specific energy, cladding layer
thickness, and pass overlap each effected the grains in
each cladding pass, as well as the cooling rates.
Microhardness
There are many factors that affected the microhardness
within the samples. These factors included location with-
in the sample tested and changes in process parameters.
Overall, the hardness was found to be between 450 and
580 Vickers hardness.
Influence of location
The microhardness within the three regions of a single
cladding pass were tested in several samples that had dif-
ferent base parameters. The hardness was found to
change, in most cases, for the equiaxed, columnar, and
interface regions. No significant conclusions can be
drawn about the hardness differences between the equi-
axed and columnar regions since their hardness values
were typically less than five percent different. This five
percent variation did not favor either region. Note: All
hardness values that were used for comparison purposes
were taken from an average of at least three hardness
measurements in the same region. The interface region,
however, did have up to a ten percent lower value for
microhardness in comparison to the equiaxed and colum-
nar regions. This lower hardness is expected since the in-
terface region is essentially re-melted or re-heated mate-
rial. When the underlying cladding pass is re-melted, it is
annealed or heat-treated, therefore losing some of its
hardness. On a larger scale, the hardness also was found
to vary over the whole sample.
In order to show the variation of hardness over a
whole sample two arrays of measurements were taken.
These measurements were all taken in the center of the
cladding passes to keep the measurements more consis-
tent with each other, and so other factors would not af-
fect any trends.
One of the sets of measurements traversed the sample
from the top surface down into the substrate. The results
from this set of measurements, as plotted in Fig. 21, show
Fig. 20 Inverse relationship between specific energy and cooling
rate
Fig. 21 Specimen hardness: top to bottom of sample
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that the material was hardest at the top surface and be-
came softer towards the bottom of the sample. And of
course the substrate material was much softer, since it was
a mild steel. The bottom layers of the sample were softer
than the top layers because they had a longer temperature
history. In other words, as layers of cladding were added
to the sample, the previous layers were heated up again,
giving them time to slightly anneal each time.
Special cases
A couple of samples were made at higher speeds in order
to push the current process operating envelope. The tra-
verse speed in this case was 51 mm/s, which is twice as
fast as what was used previously for the maximum
speed. In this case the specific energy was much lower
than any of the previous sets of process parameters. The
layer thickness was set to 0.25 mm and percent pass
overlap to 66 percent, and as a result the hardness was
54.4 Rockwell C or 584 Vickers. The sample that most
closely matched the processing parameters of this special
case had the same layer thickness, 27 percent pass over-
lap, and a specific energy of 31.5 J/mm2, which is
1.7 times greater than that of the special case specimen
(18.7 J/mm2). From this comparison, it seems that the
lower specific energy definitely has a strong effect on
hardness.
Comparison with wrought H13 tool steel
The direct metal deposition manufactured H13 metal
samples were shown to have similar hardnesses as
wrought H13 tool steel. For wrought H13 tool steel, the
typical working hardness is between 40 and 53 Rockwell
C hardness and an as-quenched hardness of 50–54 Rc
[29, 30]. This is very similar to the 46 to 54 Rockwell C
hardness material that was fabricated during this study.
Once larger parts are made with the H13 metal powder
using the direct metal deposition process, some of the
hardness may be lost due to heat treating by repeated
heating of the material, which is inherent of the process.
The resulting hardness by this process is comparable
with wrought material, but the surface finish is not close
to that of a machined material.
Surface roughness
Surface roughness was found to vary depending on
which direction the measurements were taken with re-
spect to the cladding. In checking the surface roughness,
four directions were tested from each sample; the length
and width directions on the top surface, and the horizon-
tal and vertical directions on the walls. From a few initial
measurements it was found that the roughness in the ver-
tical direction on the side wall was approximately three
percent greater than the horizontal direction. On the top
surface, the roughness perpendicular to the cladding,
which was the lengthwise direction in this case, was
found to be about five percent rougher than parallel to
the cladding. Since the largest roughness on each sample
was of primary interest, measurements were only taken
perpendicular the clad direction on the top surface and in
the vertical direction on the walls.
Wall roughness
Within the power, velocity and powder mass flow rate
study, the wall profile roughness averages were found to
vary between 13 and 51 microns, while the wall maxi-
mum peak to valley distances ranged from 75 to 275 mi-
crons. These roughness were found to both be directly
related to the layer thickness. As shown in Fig. 22, the
wall roughness can significantly be reduced by making
the deposition layers thinner. The reason why the wall
surface gets rougher as the layer thickness increases is
due to the beam diameter variation due to defocusing. As
the layers become thicker, the beam diameter has a lon-
ger distance to diverge. Therefore, the width of cladding
is larger at the bottom of the cladding pass in comparison
to the top of the cladding pass. By reducing the layer
thickness, this beam diameter variation is also reduced
and therefore the specimen wall roughness is minimized.
Fig. 22 Influence of layer thickness on wall roughness
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In cases with higher deposition velocities, there was a
problem with wall quality. With higher velocities,
the cladding at the sample edges sometimes was not able
to catch as much powder as the internal sample cladding.
Eventually, the cladding was unable to build up fast
enough to compensate for this condition, creating gaps in
the cladding passes at the sample edges. By reducing the
traverse speed of the deposition around the outline of the
part, there is enough time for the clad to build to the re-
quired height eliminating any defects.
Effect of height controller on direct metal deposition
The height controller has a significant part in the direct
metal deposition process since it has control over the la-
ser power. This also has the potential of causing problems
if it is not set up correctly. One of the important control
parameters was found to be the controller reset time.
Influence of multiple sensors on laser power control
As described in the experimental set-up, three sensors
were constructed along with a new controller in order
to improve the height control of the direct metal depo-
sition process. The height control was to be improved
by eliminating any laser power fluctuations during pro-
cessing. A single height sensor’s ability to sense the
melt pool height is dependent upon the direction of
cladding. As the cladding path is directed away from
the sensor, the solidified clad bead hides most of the
melt pool light from the sensor, resulting in a false
reading that the melt pool is too low. In this case, the
laser power will be allowed to go to the set maximum
power (duty cycle of laser = 100%), building slightly
higher than the set maximum height limit. When the
cladding path is directed towards the sensor, the melt
pool is easily seen, and the sensor behaves normally,
shutting off the laser power only when the melt pool
height gets to the maximum limit. In some cases, the
duty cycle of the laser power is close to zero as the
cladding is directed towards the sensor immediately af-
ter a laying down a clad bead traversing away from the
sensor. This is because the previous pass built up too
much material, and during the clad that takes place to-
wards the sensor, this added height is detected, making
the duty cycle drop to a very low value since the melt
pool is too high.
Influence of multiple sensors on material properties
In order to show the benefit of multiple sensors, several
primary build configurations were used: patterns B, C,
and D. These build patterns are detailed in Fig. 6. The
build pattern B is the weakest building pattern for the
single sensor configuration, since it best shows the pow-
er fluctuations as described above.
For a cross-sectional view of the sample made with
this build configuration (B) with a single height sensor,
see Fig. 23. The high and low power fluctuations for the
single sensor configuration will give large and small vol-
ume cladding passes as shown in this figure. And in Fig.
Fig. 23 Cross-sectional view of a specimen made with single sensor
Fig. 24 Cross-sectional view of a specimen made with multiple
sensors
Fig. 25 Effect of sensors on material density
130
24, it can be seen that the cladding passes are consistent-
ly the same size for a multiple sensor height controller.
The microstructure in each case was examined closely
and it was found that there was no variation between the
samples made using either of the sensor configurations.
Hardness was found to vary less than one percent be-
tween the two samples. Density, on the other hand, was
found to vary slightly, as shown in Fig. 25.
This lower density in case three, +XY or build pattern
A, is due to the fact that lower-powered material pro-
cessing has a tendency to leave porosity behind, and in
the case of a single sensor, there are many cladding pass-
es with low laser power due to inconsistent material de-
position rates.
Influence of multiple sensors on surface roughness
The three sensor system proved to be effective in reduc-
ing the surface roughness average of the fabricated parts
by approximately 14 percent. In other words, from an
average of 7 different specimen sets (5 different build
patterns and 2 more with higher pass overlap), the three
sensor configuration reduced the profile roughness aver-
age from 44 microns to 38 microns. And at the same
time reduced the average maximum profile roughness
height from 270 microns to 210 microns, or a 22 percent
improvement. As was stated before, the maximum pro-
file roughness height is the maximum surface peak to
valley measurement. Figure 26 shows surface roughness
measurements from parts made with one and three sen-
sors.
Application
The Direct Metal Deposition (DMD) process has been
successfully applied to fabricate injection molding dies
with imbedded copper chill block and copper cooling
channel (Fig. 27). This has the potential for improved
thermal management and theoretical calculation shows
that the cycle time can be reduced by 50%. Recently,
ZrO2 was co-deposited with nickel superalloys using
DMD (Fig. 28), which is another example for improved
thermal management. The group at the University of
Michigan is now working to merge the DMD with Ho-
mogenization Model and CAD representation to fabri-
cate designed microstructure. This process thus is ame-
Fig. 26 Effect of sensors on roughness average (microns)
Fig. 27 Injection molding dies with imbedded copper chiller
block and a water-cooling channel
Fig. 28 Co-deposition of ZrO2
and Ni superalloy
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nable to produce both macro and microstructure to a de-
signed specification.
Summary and conclusion
This paper presented the effect of independent para-
meters on the resulting characteristics of the fabri-
cated parts and the process. The relationships between
increasing layer thickness due to increasing specific
energy and percent pass overlap were developed. It was
also found that when the process energy/mass ratio
dropped below 40 KJoules/gram, the density of the
fabricated material was less than 96% full theoretical
density.
In the usable range of direct metal deposition, it was
found that deposition rates of up to 300 mm3/s and pow-
der utilization efficiencies up to 30% could be obtained.
The typical processing values were around 100 mm3/s
and 15% for these parameters, respectively.
It was also found that microstructure stays consistent
throughout a fabricated sample. By decreasing specific
energy, decreasing layer thickness, increasing speed,
both finer grains and higher cooling rates were obtained.
The cooling rates observed in this process typically were
on the order of 105 K/s.
Hardness was found to be similar to that of wrought
material. Internal sample hardness slightly decreased to-
wards the middle and bottom of part due to the re-heat-
ing of the material that occurs during processing.
Surface roughness was found to be on the order of 40
microns, and was reduced approximately 20% by in-
creasing the percent overlap.
By understanding these relationships between param-
eters and their effect on the process output, the process
can be used more effectively and the quality can be im-
proved.
The density of parts was increased with the shorten-
ing of the reset time for the controller. Also, the number
of sensors in the height controller was increased, elimi-
nating the directional dependence of the height control-
ler on material deposition. The addition of the two sen-
sors had no major overall effect on material properties
of the fabricated parts, but it did slightly increase the
material density in one case. The most important im-
provement of the multiple sensor height controller is
that the roughness of the surfaces can be reduced on av-
erage 14 to 20%.
From this study, the capabilities and of fine cladding
with H13 tool steel have been quantified as well as the
effects of the process parameters on the fabricated parts.
The understanding and addition of height sensor capabil-
ity has improved upon the previous process fabricated
part quality.
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